EXECUTIVE SUMMARY

OBJECTIVES OF THE DEMONSTRATION
Distinguishing between vapor intrusion (VI) and indoor sources of volatile organic compounds (VOC) is a significant challenge in site assessments, greatly increasing the cost and complexity of investigations. Rapid on-site analysis of indoor air samples using a portable gas chromatograph/mass spectrometer (GC/MS) allows the users to understand the distribution of VOC in real-time, supporting identification of the source while still in the field. The overall objective of the demonstration was to develop and validate a step-wise investigation procedure using commercially available off-the-shelf (COTS) on-site GC/MS analysis with real-time decision making as a tool to distinguish between VI and indoor sources of VOC.
TECHNOLOGY DESCRIPTION
Use of on-site GC/MS analysis to distinguish between VI and indoor sources of VOC requires a field-portable analytical instrument with sufficient sensitivity to measure VOC concentrations in indoor air within the concentration range of regulatory concern (i.e., low micrograms per cubic meter [µg/m 3 ]). A high degree of precision is also required because the protocol relies on measuring concentration gradients within a building to identify sources of VOC. For the demonstration, we utilized a HAPSITE portable GC/MS instrument. Although specific procedures in the investigation protocol were developed using the HAPSITE, any on-site instrument with sufficient sensitivity and precision may be used.
DEMONSTRATION RESULTS
The field investigation program included application of the on-site GC/MS analysis protocol at four Department of Defense (DoD) sites. To evaluate the validity of the protocol, we also conducted conventional VI and compound-specific stable isotope analysis (CSIA) (Environmental Security Technology Certification Program [ESTCP] Project ER-201025) investigations at the study sites. Results from the three investigation methods were compared to evaluate the relative effectiveness of the different approaches.
Seven buildings were evaluated during the demonstration program. The on-site analysis protocol performed as well as or better than the conventional investigation approach at all seven buildings. At six of the seven buildings, the results from the on-site analysis protocol were consistent with the overall evaluation of the VI condition based on the results from all three of the investigation methods combined. At one building, the on-site results were consistent with the conventional program results that suggested trichloroethylene (TCE) VI; however, for this building, the CSIA result provided strong evidence of an indoor source. The scenario that best fits the results from all three investigation methods combined is that TCE was recently used in the building, but that the indoor source was removed prior to sampling.
In addition to the demonstration program, the on-site protocol has been used by the project team at a number of other sites for indoor source and vapor entry point identification. Overall, the onsite GC/MS analysis protocol has performed well under a wide variety of building conditions. The protocol includes an option to conduct on-site analysis while the building is pressurized or ES-2 depressurized. This option can be used to get a better understanding of the VOC source as well as temporal variability and the susceptibility of a building to VI.
IMPLEMENTATION ISSUES
This project has resulted in the development and validation of an on-site GC/MS analysis protocol to distinguish VI from indoor sources of VOC. The protocol can be used as a standalone investigation method or can be used within a larger investigation program.
Advantages of the protocol include:
• Real-time results:
The key advantage of the on-site analysis protocol is the ability to measure indoor air VOC concentrations and determine the primary sources (i.e., indoor versus subsurface) in real time during the course of the field investigation. Because of the short analytical method run times, many samples can be collected while on site, resulting in a large volume of data available for interpretation while still in the field. This allows the investigators to more readily react to building-specific situations and make decisions (e.g., rule out VI, determine potential vapor entry points, find primary VOC sources, etc.).
• Definitive data: Although the method focuses on on-site analysis, a small number of air samples are collected for off-site laboratory analysis to confirm key findings. These confirmation sample results are supported by standard laboratory quality assurance/quality control (QA/QC) and can be used for regulatory decision-making.
• No sub-slab sample points: The protocol eliminates the need to drill through the building foundation.
• Reduced sampling requirements: Because indoor sources of VOC can be identified and removed during the investigation, the on-site analysis protocol will more frequently yield clearer results compared to the conventional investigation approach. When used in conjunction with building pressure manipulation, the need for further sampling to characterize temporal variability may also be reduced or eliminated.
Potential limitations on the use of the on-site GC/MS analysis protocol include:
• Equipment availability and reliability: The HAPSITE Smart Plus or alternate instrument for on-site analysis is less common than the equipment used for the conventional investigation approach. As a result, equipment availability, procurement, and scheduling may be more complex. Reliability, sensitivity, and other QA/QC requirements should be considered when selecting the on-site GC/MS instrument for use in the protocol.
• Staff suitably trained in interpretation of vapor data: The field team should include one more senior staff member with the knowledge, skills, ability, and authority to make fielddecisions based on the on-site measurements. The team should also include at least one experienced GC/MS operator.
• Target compounds: Specific target compounds should be sufficiently volatile to be detected at concentrations similar to the applicable indoor air screening concentration.
ES-3
Less volatile compounds such as naphthalene may not be good candidates for on-site analysis because it is difficult to calibrate the on-site instrument for analysis of low concentrations of these compounds. Additionally, accurate identification may be problematic with certain VOC. This issue may be addressed by fine-tuning the analytical method or interpreting chromatograms and ion mass ratio data in the field.
INTRODUCTION
The purpose of this project was to develop and validate an investigation procedure using commercially-available off the shelf (COTS) on-site gas chromatography/mass spectrometry (GC/MS) analysis with real-time decision making as a tool to distinguish between vapor intrusion (VI) and indoor sources of volatile organic compounds (VOC). Project tasks included 1) validation of the use of the HAPSITE portable GC/MS instrument through side-by-side comparison with fixed-base laboratory analysis (GSI Environmental [GSI], 2012a); 2) development of a standardized investigation protocol (GSI, 2012b); and 3) testing the protocol at four U.S. Department of Defense (DoD) sites with potential VI concerns (GSI, 2012c).
BACKGROUND
Since 2000, regulators and the regulated community have become increasingly concerned about the potential for exposure to VOC through VI at sites with contaminated soil or groundwater. In response to these concerns, the U. S. Environmental Protection Agency (USEPA) and many state regulatory agencies have issued guidance specifying screening and field investigation procedures to identify VI impacts. Although the specific recommended investigation procedures vary significantly between guidance documents, the majority of these documents utilize a step-wise evaluation process that includes preliminary screening followed by field investigation, if needed. This step-wise process generally addresses:
• Presence of Volatile Chemicals: VI is a potential concern at sites with soil or groundwater impacted by volatile chemicals. Corrective action sites without volatile chemicals (typically defined by vapor pressure and/or Henry's Law constant) require no further evaluation for VI.
• Pathway Screening Criteria: For sites with volatile chemicals in soil or groundwater, most regulatory guidance provides conservative screening criteria for preliminary evaluation of the VI pathway. These criteria are typically used to evaluate the likelihood of VOC migration away from a source area at concentrations that could cause a VI impact. Because of their conservative nature, few corrective action sites are usually screened out of further evaluation using these criteria.
• Building-Specific Evaluation: For sites with volatile chemicals present at concentrations above the screening criteria, most guidance documents require a field investigation to determine the presence or absence of VI impacts to near-by buildings (commonly defined as within 100 feet [ft] of VOC impacts). When conducting a site-specific field investigation, USEPA guidance recommends collection of below-foundation (i.e., subslab) soil gas samples followed by simultaneous below-foundation and indoor air samples, if needed. The USEPA guidance raises a number of data quality issues to be addressed as part of the field investigation including: indoor sources of VOC (background), spatial variability, temporal variability, and sample collection and analytical variability.
Although VI guidance documents typically utilize a step-wise investigation approach, most use very low screening criteria for the preliminary evaluations. As a result, indoor air testing is often required. Guidance documents often recommend determining indoor sources of VOC as part of the investigation to help decipher the indoor air sample results. However, as a practical matter, pinpointing indoor sources of VOC is difficult using conventional means such as visual inspections or occupant interviews. The benefit of the on-site analysis procedure is a more robust means to identify indoor sources of VOC up front, early in the building evaluation process.
OBJECTIVE OF THE DEMONSTRATION
Distinguishing between VI and indoor sources of VOC is a significant challenge in site assessments, greatly increasing the cost and complexity of investigations. Rapid on-site analysis of indoor air samples using a GC/MS allows the users to understand the distribution of VOC in real-time, supporting a real-time identification of the source. For this project, we have developed a protocol for using on-site GC/MS analysis to distinguish between VI and indoor sources of VOC. The overall objective of the demonstration is to validate the accuracy and utility of the protocol for the evaluation of VI.
REGULATORY DRIVERS
For many corrective action sites, the current regulatory framework requires a building-specific investigation of VI if the concentrations of specific VOC in groundwater are above federal drinking water standards and buildings are present within 100 ft of impacted media (e.g., USEPA, 2002) . In addition, most state and federal guidance documents utilize very low screening criteria for the preliminary evaluation. Further, some states (e.g., New York) do not allow screening based on subsurface VOC concentrations. Instead, indoor air testing is required at all field investigation sites (New York Department of Health [NYDOH], 2006) .
Although testing of indoor air is the most direct method to determine whether indoor screening criteria are exceeded, interpretation of results is often complicated. Indoor sources of VOC are ubiquitous, resulting in detectable concentrations in indoor air that are often above regulatory screening levels. For example, background concentrations of trichloroethylene (TCE) range from 0.3 to 1.6 micrograms per cubic meter (µg/m 3 ) in houses unaffected by VI (50th to 95th percentile values; Dawson and McAlary, 2009 ). This range spans the residential 10 -6 risk limit of 0.43 µg/m 3 (USEPA, 2013). Background concentrations of TCE, benzene, and several other VOC also commonly exceed regulatory screening levels (USEPA, 2011a).
The difficulty in distinguishing between sources of VOC in indoor air (i.e., subsurface contaminant source versus indoor source) often leads to uncertainty as to whether or not VI is occurring. This uncertainty can trigger additional investigations. The main benefit of on-site analysis is to provide identification of VOC sources while the investigation is in progress.
Investigators can then use this information to make decisions such as removal of indoor sources prior to collection of samples for regulatory decision-making.
TECHNOLOGY
The purpose of this project was to demonstrate the on-site GC/MS analysis of air samples as an effective investigation method to distinguish between VI and indoor sources of VOC. Although the use of on-site analysis for VI investigations had been tested previously (e.g., Gorder and Dettenmaier, 2011) , there are currently no widely-accepted and validated protocols for such investigations. The purpose of this technology demonstration project was to develop and validate such protocols and make the use of on-site analysis methods more standardized and accessible for potential technical and regulatory users.
TECHNOLOGY DESCRIPTION
Use of on-site analysis to distinguish between VI and indoor sources of VOC requires a fieldportable analytical instrument with sufficient sensitivity to measure VOC concentrations in indoor air within the range of regulatory concern (i.e., low µg/m 3 ).
Analytical Instrument
The HAPSITE GC/MS is a field-portable instrument designed for on-site analysis of air and water samples by personnel without extensive training in analytical chemistry. The HAPSITE weighs approximately 35 pounds (without the battery). When operated in the quantitative GC/MS mode, the HAPSITE can accurately measure VOC present in air samples at concentrations of less than 1 µg/m 3 . The HAPSITE can also be used in continuous-read survey mode to provide semi-quantitative identification of VOC present in the 100s of µg/m 3 concentration range. The user interface is relatively simple; proper use of the instrument requires only a few days of training. However, as discussed in Section 6.4, proper application of the onsite analysis protocol may require additional training.
Currently, the primary commercial application of the HAPSITE is in industrial hygiene and public safety. The HAPSITE is widely used by private industry to monitor worker exposure to industrial chemicals and by the military to monitor for chemical warfare agents. However, environmental applications of the HAPSITE, including VI, are increasing. In late 2008, Hill Air Force Base (AFB) purchased a HAPSITE for on-site analysis of indoor air samples in residences with potential VI concerns. The instrument immediately proved to be invaluable for the identification of previously undiscovered indoor sources of VOC that had been confounding VI investigations relying on conventional fixed-laboratory analysis (Gorder and Dettenmaier, 2011) .
Precision and Accuracy Requirements
Application of the HAPSITE for building-specific investigations relies on the ability to identify differences in target VOC concentrations between different locations within the building. The ability to identify spatial differences in VOC concentrations is a strong function of instrument precision. With high precision, a small difference in measured VOC concentrations between two sample locations can be reliably interpreted as a true difference, as opposed to variability in sample measurements. This true difference is used to determine the location of the VOC source.
Instrument accuracy is less important than precision for on-site GC/MS analysis for buildingspecific investigations. The investigation procedure is targeted primarily on identification of the source(s) of the VOC being detected in indoor air, a process that requires high precision but not high accuracy. This is because the on-site evaluations rely primarily on comparisons of relative, rather than absolute, magnitudes (i.e., is the concentration in the basement higher than on the main floor?). Note that when the primary source of the target VOC is determined to be VI, accuracy becomes more important because of the need to determine whether the results exceed the indoor air screening level. However, as long as the margin of error is known, then the instrument results can be reliably interpreted even if the accuracy is less than that typically obtained from a fixed laboratory instrument. For example, if the accuracy is known to be +/-100% (i.e., three-fold accuracy), then a measured VOC concentration that is more than three times above or below the indoor air screening concentration can be reliably interpreted as truly above or below the screening level. For concentrations within three-fold of the screening level, a confirmation sample can be collected for off-site analysis.
Prior Application
The use of on-site analysis to distinguish between VI and indoor sources of VOC has significantly streamlined building-specific VI investigations at Hill AFB (Gorder and Dettenmaier, 2011) , where indoor air testing has been conducted at over 2000 residences overlying or located in close proximity to affected groundwater associated with the base. Prior to acquisition of the HAPSITE, detections of VOC in indoor air at concentrations above the base's action level required extensive follow-up investigation and sometimes resulted in unnecessary installation of mitigation systems. Currently, a similar detection is followed by a 2-4 hour follow-up investigation using the HAPSITE. In over 90% of the houses investigated using the HAPSITE, an indoor source or sources emitting the specific VOC of concern has been located and removal has resulted in concentrations of the VOC falling below the action level. In many cases, the indoor sources have been products not previously recognized to be sources of the VOC. Examples include plastic decorations emitting 1,2-dichloroethane (1,2-DCA) (Doucette et al., 2009) , taxidermy foam emitting trans-1,2-dichloroethylene (trans-1,2-DCE), and pepper spray canisters emitting TCE.
ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY
Alternate Instruments for On-Site GC/MS Analysis
This demonstration project used the HAPSITE portable GC/MS instrument manufactured by Inficon (http://www.inficon.com). The HAPSITE GC/MS is the only field-portable instrument (i.e., instrument specifically intended to be transported from site to site) with sufficient sensitivity to measure VOC concentrations in air as low as 1 µg/m 3 . However, on-site analysis of air samples by GC/MS could also be conducted using a mobile laboratory consisting of standard laboratory GC/MS instruments installed in a van or recreational vehicle. Mobile laboratory analyses of air samples are offered by a number of commercial laboratories. In addition, the USEPA can provide similar services with the Trace Atmospheric Gas Analyzer (TAGA) unit, although the equipment in this unit is more sophisticated and sensitive than standard commercial laboratory equipment. A mobile laboratory is somewhat less portable than the HAPSITE (i.e., cannot be shipped by air), and requires a more highly trained operator. On the other hand, some mobile laboratories are National Environmental Laboratory Accreditation Conference (NELAC) certified, increasing the regulatory acceptance of the results. NELAC or similar certification of results is typically required when the analytical results are used for health risk assessment or comparison to regulatory standards.
For this investigation procedure, the on-site results from the HAPSITE are used to determine the source(s) of VOC in indoor air. A small number of samples are collected for off-site laboratory analysis and are used for definitive decision-making (i.e., to determine whether chemical of concern [COC] concentrations in indoor air exceed applicable screening values). The use of results from off-site laboratories for definitive decision-making reduces the need for NELAC certification of on-site results or similar extensive documentation of on-site data quality. For the demonstration, we used three different HAPSITE models: the SMART (oldest version), SMART PLUS (intermediate version), and ER (current model manufactured by Inficon). We found that the SMART PLUS was more suitable for the on-site analysis protocol than the other models, due to its stability and reliability.
Advantages and Limitations of the On-Site Analysis Method
This on-site analysis method is in contrast to conventional VI investigation methods (e.g., those described in Interstate Technology & Regulatory Council [ITRC], 2007, and USEPA, 2002) , which focus on off-site analysis for determining VOC concentrations with a limited number of subsurface and indoor air samples. Using this conventional approach, analytical results are typically not available for several weeks after the investigation has been completed. Because of the high potential for confounding results due to prevalence of indoor VOC sources, the results from the off-site lab, when received, are often difficult to interpret.
Advantages of the on-site analysis method include:
The key advantage of the on-site analysis method is the ability to measure indoor air VOC concentrations and determine the primary sources (i.e., indoor versus subsurface) in real time during the course of the field investigation. Because of the short analytical method run times, many samples can be collected and analyzed on site, resulting in a large volume of data available for interpretation while still in the field. This allows the investigators to more readily react to building-specific situations and make decisions (e.g., rule out VI, determine potential vapor entry points, find primary VOC sources, etc.).
• Definitive data: Although the method focuses on on-site analysis, a small number of air samples are collected for off-site laboratory analysis to confirm key findings.
• No sub-slab sample points: The on-site analysis method does not require the installation of sub-slab sample points. This eliminates the need to drill though the building foundation.
• Reduced sampling requirements: Because indoor sources of VOC can be identified and removed during the investigation program, the on-site analysis method will more frequently yield clearer results compared to the conventional investigation approach, reducing the need for follow-up sampling events. When the optional building depressurization method is used, the need for characterization of temporal variability may also be reduced or eliminated.
Potential limitations of the method include:
• Equipment availability: The HAPSITE GC/MS (SMART PLUS) or alternate instrument for on-site analysis is less common than the equipment used for the conventional investigation approach. As a result, equipment availability, procurement, and scheduling may be more complex.
• Staff suitably trained in interpretation of vapor data: The field team should include one more senior staff member with the knowledge, skills, ability, and authority to make decisions in the field based on the on-site measurements. The team should also include at least one experienced HAPSITE operator.
Less volatile compounds such as naphthalene may not be good candidates for on-site analysis because it is difficult to calibrate the on-site instrument for analysis of low concentrations of these compounds. Additionally, accurate identification may be problematic with certain VOC (e.g., vinyl chloride, cis-1,2-dichloroethylene [cis-1,2-DCE]). This issue may be addressed by fine-tuning the analytical method or interpreting chromatograms and ion mass ratio data in the field.
• Temporal variability: Changes in building pressure relative to the subsurface can cause temporal variations in VI. As a result, a one-day investigation program with uncontrolled building pressure conditions may not identify VI that could occur under other building pressure conditions. The on-site analysis method itself does not account for potentially episodic VI. The protocol (GSI, 2013), however, includes an optional building pressure control step that minimizes concerns about temporal variability. Building depressurization, for example, will enhance the potential for VI. Induced negative pressure will tend to draw subsurface vapors, if present, up into the building. As a result, an absence of VI under both baseline and induced negative pressure conditions serves to reduce the concern regarding temporally-variable VI.
• Building construction: For building pressure control to be effective, the building cannot be too large (>20,000 square feet [sq ft]) or too leaky (e.g., constructed with built-in ventilation slats).
PERFORMANCE OBJECTIVES
The overall objective of the demonstration was to validate the draft protocol for the application of on-site GC/MS analysis to distinguish between VI and indoor sources of VOC. The demonstration was done in the field at "full-scale", that is, in typical buildings subject to VI investigations. Specific quantitative and qualitative performance objectives are summarized in Table 1 . For >90% of off-site analyses:
• Precision: RPD < 30% for field duplicate samples; RPD <25% for laboratory duplicate results • Accuracy: standard laboratory accuracy • Sensitivity: < 1 µg/m 3 for all VOC Result: Data met precision, accuracy, and sensitivity goals.
Qualitative Performance Objectives
3) Validation of the draft protocol for the use of on-site analysis to evaluate VI. Data needs:
• Determination of VI conditions using 1) results from application of the protocol; 2) conventional sampling approach; and 3) stable isotope analysis (per ER-201025).
Success will be achieved if: 1) All three investigation methods yield definitive, consistent determinations regarding the presence or absence of VI, or 2) If one or more of the methods yield ambiguous results, attainment of a clearer determination using the on-site analysis method, as compared to the alternate methods.
Result: At all seven of the demonstration buildings, the onsite analysis protocol performed as well as or better than the conventional investigation approach. At six of the seven buildings, the results from the on-site analysis protocol were consistent with the overall evaluation of the VI condition based on the results from all three of the investigation methods combined. 4) Implementability of the draft protocol for the use of on-site analysis to evaluate VI. Data needs:
• Field experience implementing the protocol and interpreting the results Determination that the protocol is implementable and cost effective.
Result: Overall, the protocol is usable (by adequately trained personnel) and cost effective. Minor revisions to the protocol were made based on findings of the demonstration (see GSI, 2013).
SITE DESCRIPTION
SITE LOCATION
The field demonstration was completed at a total of seven buildings at four sites ( Table 2) . The on-site GC/MS analysis demonstration was combined with the demonstration of another innovative VI investigation method (compound-specific stable isotope analysis; ESTCP ER-201025). Both projects involved protocols to distinguish between indoor sources of VOC and VI. 
SITE GEOLOGY, HYDROGEOLOGY, AND CONTAMINANT DISTRIBUTION
The demonstration sites and buildings had varying degrees of concern with respect to VI based on previously conducted environmental assessments. The geology, hydrogeology, and contaminant distribution at each site are summarized in Table 3 . 
TEST DESIGN
CONCEPTUAL EXPERIMENTAL DESIGN
The purpose of the field demonstration was to validate two different, innovative VI investigation methods: 1) CSIA (ER-201025); and 2) on-site GC/MS analysis (ER-201119). The validation process consisted of implementing a conventional VI investigation program along with the two innovative methods at each demonstration building (Figure 1) . The results from each of the three sampling programs were then evaluated to determine the comparability of the three methods as well as the effectiveness of the methods in differentiating VI from indoor sources of VOC. 
BASELINE CHARACTERIZATION
Site and building selection were based on existing data. No additional baseline characterization was conducted prior to the demonstration at each building.
LABORATORY STUDY RESULTS
Prior to the field demonstration, a laboratory study was conducted to validate the use of the HAPSITE portable GC/MS instrument for measurement of low concentrations of VOC (i.e., as low as 1 µg/m 3 ) in indoor air. The laboratory study included a side-by-side comparison of results from HAPSITE-analyzed air samples to samples analyzed by a fixed-base laboratory. A HAPSITE ER instrument was used for the lab study. Fixed-base laboratory analysis was conducted at H&P Mobile Geochemistry Inc. in Carlsbad, California. Based on this study, onsite GC/MS analysis was determined to have sufficient accuracy, precision, and sensitivity to effectively distinguish between VI and indoor sources of VOC (GSI, 2012a).
FIELD TESTING
Conventional, CSIA, and on-site protocol investigations were implemented at each demonstration building. The conventional VI program did not utilize field testing. The CSIA protocol (GSI, 2012d) used field testing only to estimate concentrations of target VOC at indoor air and sub-slab sample locations. This field testing was done using the HAPSITE to determine CSIA sample collection parameters (e.g., sampling duration).
The on-site analysis protocol (GSI, 2012c) included field testing, or measurements, of VOC concentrations in indoor air and pressure differences between indoors and outdoors. VOC concentration measurements are done in a step-wise manner (Table 4) , with the specific number of analyses based on the building layout and results from the previous step. As noted in Table 4 (Step 7), a few samples are also collected for off-site laboratory analysis. Confirmation Sampling (for comparison to regulatory screening levels)
-3 Off-site GC/MS
On-site QA Samples: Duplicate on-site analyses ≥ 1 per 20 on-site analyses On-site GC/MS Note: 1) For Source Identification, each "sample" represents one potential source item or potential vapor entry point screened using the HAPSITE continuous-reading survey mode. 2) For Source Testing, each "sample" represents one potential source product or potential VI entry point tested using a source product emission chamber or entry point isolation protocol.
The on-site analysis protocol includes an optional procedure for indoor air testing under induced building pressure conditions (GSI, 2012b (GSI, , 2012c . Pressure gradients across the building envelope are used to evaluate the predominant direction of airflow (out of or into the building). This information is used to help understand the source of VOC in indoor air. For example, if the pressure gradient indicates the building is pressurized relative to outdoors, then it is likely that target VOC in indoor air originate from an indoor source (McHugh et al., 2012) .
For the demonstration, pressure gradients were measured using an Omniguard 4 differential pressure transducer equipped with a data logger. Measurements were collected at each demonstration building, with the instrument set to record at 5 minute intervals.
SAMPLING AND ANALYSIS METHODS
As described above, three different VI investigation methods were employed during the demonstration. Each method included specific sampling procedures and analysis of samples at an off-site laboratory. The primary types of analyses are described below: CSIA Samples: Three types of locations were selected for sampling: 1) groundwater (to evaluate the subsurface source); 2) sub-slab (to evaluate the soil gas beneath the building); and 3) indoor air (GSI, 2012d) . Groundwater samples were collected in 60 milliliter (mL) volatile organic analysis (VOA) vials using standard groundwater sample collection methods. Sub-slab and indoor air samples were collected using active sorbent tube methods. Specific sample locations were chosen based on initial vapor/air screening results from on-site GC/MS analysis. Sub-slab samples were collected from sub-slab probe points installed for the conventional VI program. All analyses were conducted at the University of Oklahoma contract laboratory.
Samples to Support the On-Site Analysis Protocol:
The majority of samples collected for this protocol are indoor air samples analyzed onsite. However, at the end of each phase of the protocol (i.e., baseline building characterization, characterization of depressurized building conditions, etc.), a sample is collected for off-site laboratory analysis. These samples are used to 1) confirm the accuracy of the on-site analysis results; and 2) provide fully validated documentation of VOC concentrations in indoor air at the conclusion of the on-site testing program. Samples for off-site laboratory analysis were collected in individually certified, 6-L Summa canisters and were analyzed by USEPA Method TO-15 or TO-15 select ion monitoring (SIM). These samples were collected as grab samples and were paired with a final sample analyzed using the HAPSITE. Laboratory analysis was conducted at ALS Laboratory in Simi Valley, California.
SAMPLING RESULTS
Tables 5 and 6 summarize the demonstration program and key analytes considered for each demonstration building. The overall objective of the demonstration was to evaluate the effectiveness of the on-site analysis protocol relative to two alternate investigation approaches: conventional sampling and the CSIA protocol. In order to compare the effectiveness of each approach, the results for each of the three investigation approaches were initially evaluated independently.
Each of the three investigation methods is intended to determine the source of target VOC detected in indoor air (i.e., VI versus indoor source). Note that for regulatory projects, a response action is required only if the concentration of the target VOC in indoor air exceeds the applicable regulatory standard. For the assessment of regulatory implications, we applied USEPA screening values to all the demonstration sites. These values may not be the legal standards for regulatory responses at the individual demonstration sites; they were used for this demonstration in order to provide consistency between the sites. For the demonstration buildings, the key COC for the VI evaluation was either TCE or benzene. The TCE and benzene screening levels were taken as 3.0 µg/m 3 and 1.6 µg/m 3 , respectively. These values were based on the commercial/industrial USEPA regional screening levels, assuming 10 -6 target risk and hazard quotient of 1.0 (USEPA, 2013).
Evaluation of both the conventional and on-site analysis protocol results utilized a multiple linesof-evidence approach. For each of these two methods, the concordance among the lines of evidence was used to determine the overall VI classification and degree of confidence in the classification. The regulatory implication was based on comparison of the results to the screening level. It is important to recognize that, when VOC concentrations are very low, it is more likely that the source identification will not be definitive. However, if VOC concentrations are below the regulatory standard, then no response action is required regardless of the source (although further monitoring may be required in some cases to evaluate temporal variability).
Lines of Evidence for Conventional Approach
The results from the conventional sampling program were evaluated using a lines-of-evidence approach, which included the following questions:
1. Comparison of key VOC concentrations in indoor air to ambient (outdoor) air: Do indoor concentrations of the key VOC exceed outdoor concentrations? To be conservative, a "Yes" response was considered consistent with VI. 2. Sub-slab to indoor air attenuation factors: Are concentrations of the key VOC below the building significantly (e.g., >10x) higher than in indoor air? 3. Sub-slab to indoor air ratios: Are other VOC found beneath the slab, and are sub-slab to indoor air concentration ratios similar? 4. Composition of VOC (e.g., concentration ratios) present in indoor air compared to composition of VOC present in groundwater: Are ratios in indoor air consistent with a subsurface source?
Based on the lines of evidence evaluation (Questions 1 -4), each building was classified with respect to VI. Demonstration building classifications are provided in Section 5.6.4.
Method for VI Classification using the CSIA Protocol
For CSIA, building classifications and the level of confidence in the VI interpretation are based on pattern matching between the indoor air and groundwater results (Figure 2 ). Demonstration building classifications using this method are provided in Section 5.6.4. 
Lines of Evidence for the On-Site Analysis Protocol
In general terms, the on-site analysis protocol involves characterizing the VOC concentrations in a building under normal operating (i.e., "baseline") conditions. Building pressure is measured and may be manipulated to get a better understanding of the source of VOC in indoor air.
Baseline Building Characterization
During the baseline building characterization process, a large number of indoor air samples can be collected to map the concentration gradient in the building both laterally and vertically (if the building has more than one floor). Areas with relatively high VOC concentrations in indoor air are examined in more detail, as these areas will likely contain indoor VOC source(s) or subsurface vapor entry points. If a significant indoor VOC source is found, it is removed from the building, if possible, before completion of the baseline characterization. In this manner, the overall level of VOC in the building is reduced to the extent possible, minimizing confusion in analytical results that is often caused by the presence of indoor sources.
Different actions may be taken to understand the VOC source. For example, if a suspected indoor VOC source is found and removed from the building, and the VOC concentration in indoor air then decreases significantly, one would interpret that the suspected source was the primary contributor of VOC to indoor air. A wide variety of actions can be taken depending upon site-specific circumstances. However, the underlying theme is that the protocol relies on iterative testing and data interpretation to find the source of VOC and determine the susceptibility of the building to VI. All data collected up to this point are field measurements and analysis.
At the end of the baseline characterization (and after concentrations have stabilized after indoor source removal), the investigators make a preliminary interpretation of the source of VOC using the following guidelines:
1. Comparison of target VOC concentrations in indoor air to ambient (outdoor) air: Do indoor concentrations of the key VOC exceed outdoor concentrations? A "Yes" response is conservatively considered to be consistent with VI. This line of evidence is not definitive with respect to VI, however, because of potential contributions from indoor sources.
No indoor sources:
Were known indoor sources of target VOC removed prior to the end of the baseline period such that no (known) indoor sources remain in the building? If "Yes," then the source of target VOC may be consistent with VI. If "No," known indoor sources remain, and these indoor sources may be the primary source(s) of VOC in indoor air. This question does not apply if the on-site results for the target VOC are below detection limits.
3. Baseline building pressure: Is baseline building pressure negative (i.e., building depressurized relative to outdoors)? A "No" provides evidence of an indoor source because a positive building pressure does not support the flow of soil gas into the building. A "Yes" response is conservatively considered to be consistent with VI. However, this line of evidence alone is not definitive with respect to VI; negative building pressure does not eliminate the possibility of an indoor source.
Vapor entry point:
Were vapor entry points found? If "Yes," then VI could contribute to target VOC in indoor air.
Pressure Control Evaluation
The protocol includes an optional step in which building pressure is manipulated. Changes in building pressure relative to the subsurface can cause temporal variations in VI. As a result, a 1day investigation program with uncontrolled building conditions may not identify VI that could occur under other building pressure conditions. To better understand building conditions, the differential pressure between indoors and outdoors is measured during the baseline evaluation. Building pressure can be manipulated to control the advective flow of soil gas into the building. If advection (rather than diffusion) is the primary mode of VI for a building, then building pressure control can provide an improved understanding of the potential for VI (McHugh et al., 2012; USEPA, 2011b) . Building pressure control can also be used to support the findings from the baseline evaluation.
Lines of evidence for the optional pressure control evaluation focus on change in target VOC concentrations relative to baseline, and relative to the building pressure condition.
1. Building pressurization: Are target VOC concentrations suppressed by building pressurization? A "Yes" response is consistent with VI.
Building depressurization: Are target VOC concentrations enhanced by depressurization?
A "Yes" response is consistent with VI.
Data Interpretation using both On-and Off-site Results
Building VI classifications may be determined while still in the field by using the on-site results. However, the protocol includes collection of an indoor air sample for off-site laboratory analysis at the end of each pressure period (i.e., baseline, pressurization, and depressurization). Because these samples are supported by laboratory QA/ QC consistent with analytical method (TO-15) requirements, they are suitable for "definitive" decision-making and comparisons regulatory screening levels. These samples also serve to confirm the on-site results.
VI Classifications from the Three Investigation Approaches
The results from the field testing and sample collection at each building were evaluated using the lines of evidence and data interpretation methods summarized in Sections 5.6.1 through 5.6.3. Table 7 shows the results of each investigation approach evaluated independently. Detailed results are provided in the Final Report (GSI, 2013) . An overall evaluation of the full dataset is provided in Section 6.3. The field conditions encountered at the demonstration sites did not test some aspects of the onsite analysis protocol. Therefore, additional case studies are provided in the Final Report (GSI, 2013) to illustrate the utility of the on-site GC/MS analysis protocol in identifying indoor sources, identifying vapor entry points, and differentiating between indoor and subsurface sources using building pressure manipulation.
PERFORMANCE ASSESSMENT
This section provides an overview of data analysis completed to assess the performance objectives described in Section 3. Details are provided in the Final Report (GSI, 2013).
OBJECTIVE 1: COLLECTION OF DATA REPRESENTATIVE OF SITE CONDITIONS USING ON-SITE GC/MS
This performance objective was evaluated through review of field procedures, instrument calibration records, and QA sample results. Although there were minor deviations typical of any field program, the data quality exceptions did not limit the usability of the results obtained because corrective action was taken in the field when problems were noted. Overall, the on-site analytical results met the success criteria set out in the project performance objectives. Key criteria are summarized in Table 8 . 
Success Criteria Results
Precision: RPD < 30% for duplicate samples (for >75% of on-site analyses) Goal met Discussion: Precision was evaluated by calculating the RPD between the paired (normal and field duplicate) samples, provided that the compound was detected in both. The precision objective was less than 30% RPD between the paired results for at least 75% of on-site analyses. A total of 14 sample pairs were analyzed using the SIM method for cVOC. For the key target VOC (TCE), all but one of the RPD values met the 30% target. Four sample pairs were analyzed using the SIM method for petroleum hydrocarbons. Three of the four sample pairs met the RPD goal. Accuracy: RPD < 75% for standard concentration versus HAPSITE result (for > 75% of on-site analyses)
Goal met
Discussion: Blank samples typically met the objective of concentrations less than the lower calibration limit (LCL). For the majority of the blanks, high purity nitrogen was placed into a Tedlar bag and the bag attached to the HAPSITE probe for analysis. In several instances, TCE was reported at levels greater than the LCL. In these instances, a sample of room air or outdoor air was analyzed directly with the HAPSITE probe (i.e., without using a Tedlar bag) immediately after the suspect blank sample. In all cases, the "ambient blank" met the data quality objective. This suggested that the analyte was associated with the Tedlar bag, and that the instrument was operating adequately.
To evaluate CCV samples, we focused on results for the primary target compound (TCE or benzene). For TCE measured with the HAPSITE ER and SMART PLUS, the average RPD was 24%. For TCE measured with the HAPSITE SMART, the average RPD was 44%. For benzene, measured using the HAPSITE ER, the average RPD was 44%. Accuracy: RPD < 75% for paired samples analyzed on-site and off-site (for >75% of on-site analyses)
Discussion: The dataset contained a total of 14 paired HAPSITE -laboratory samples. The samples for laboratory analysis were collected over approximately 2-3 minutes, with the Summa canister positioned near the HAPSITE probe. The intent was to collect the paired samples at the same time and location to the extent possible so that the Summa canister samples could serve as confirmation of the HAPSITE results. The RPD was calculated when both the HAPSITE and laboratory detected the compound; a total of 10 RPD values were calculated. Eight of the 10 values were less than 75%, which was the quality objective for the project. The largest errors (RPD > 100%) occurred in two sample pairs: 1) Selfridge Building 1533 negative pressure confirmation sample. The HAPSITE ER and Summa canister samples were collected approximately 20 minutes apart in time; and 2) Raritan CP4 wall gap sample. The HAPSITE result for TCE was much larger than the Summa canister result (11 µg/m 3 versus 2.4 µg/m 3 ). This difference was likely due to the small space being sampled and the relative volumes. The HAPSITE sample was approximately 100 mL while the Summa canister was 6-L. After collecting the Summa canister sample, we re-sampled the same wall gap with the HAPSITE. The TCE concentration reported by the HAPSITE was 4 µg/m 3 (approximately 1/3 of the original reported concentration), suggesting that there was a limited pocket of air with higher concentrations. 
Success Criteria Results
Sensitivity: <1 µg/m 3 for cVOC and <5 µg/m 3 for petroleum hydrocarbons (for 75% of the on-site analyses)
Goal met for cVOC (e.g., TCE) and petroleum hydrocarbons (e.g., benzene). Discussion: For cVOC, this objective was evaluated by comparing HAPSITE and laboratory results. The HAPSITE gave a result that was generally consistent with the laboratory (i.e., TCE detected by both the HAPSITE and the lab or not detected by either the HAPSITE or the lab). For these samples, laboratory detection limits were in the range of 0.03 µg/m 3 for TCE. Benzene detections on the HAPSITE were generally consistent with benzene reported by the lab. Benzene concentrations were relatively high in the building, so a detailed evaluation of sensitivity could not be done. In separate investigations not included in the demonstration, GSI has obtained results for benzene with instrument sensitivities on the order of 1 µg/m 3 .
OBJECTIVE 2: COLLECTION OF DATA REPRESENTATIVE OF SITE CONDITIONS USING OFF-SITE ANALYSIS
This performance objective was evaluated through review of field procedures and laboratory QA measures. Although there were minor deviations typical of any field program, the data quality exceptions did not limit the usability of the results. Overall, the analytical results met the success criteria set out in the project performance objectives (Table 9) . A detailed data quality review is provided in the Final Report (GSI, 2013). 
OBJECTIVE 3: VALIDATION OF DRAFT PROTOCOL FOR USE OF ON-SITE ANALYSIS TO EVALUATE VAPOR INTRUSION
The effectiveness of the on-site analysis protocol was evaluated by applying the protocol at seven buildings and comparing the results to those obtained using two alternative evaluation methods: 1) conventional sampling; and 2) the CSIA protocol.
Site-by-Site Analysis of Results: Building VI Classifications
The hypothesis for this field demonstration was that the on-site analysis method will more commonly yield definitive results compared to the conventional sampling program. In order to test this hypothesis, the results from the on-site and conventional investigation methods were compared for each building. When the classification was the same, the methods were determined to have performed equally. When one method resulted in a more definitive classification than another (e.g., supporting evidence versus results not definitive), that method was determined to have performed better. If the methods yielded contradictory classifications (e.g., supporting evidence of no VI versus supporting evidence of VI), then the results from the isotope analysis and any other available information was used to determine which method performed better. The investigation method-specific building VI classifications are summarized in Section 5.6.4 (Table 7) . Comparisons between investigation methods are provided below:
Lewis-McChord 9669:
The TCE concentration in indoor air (1.2 to 1.5 µg/m 3 ) was up to 50% of the USEPA screening value (3.0 µg/m 3 ) making the source (i.e., VI versus indoor source) an important consideration. The conventional results were generally indicative of current VI. However, TCE was the only subsurface COC consistently detected in indoor air limiting the ability to evaluate the constituent ratio line of evidence. Building 9669 is a supply distribution warehouse that contains a large variety (over 100) of VOC-containing products. As a result, using the conventional results alone, it would be difficult to conclude with a high degree of confidence that no indoor sources of TCE were present. The on-site analysis protocol (both the baseline sampling and the pressure control) yielded results inconsistent with an indoor source of TCE. These results provided a higher degree of confidence that the TCE detected in indoor air originated in the subsurface. The results of the on-site analysis protocol 1) increased confidence in the result that VI was occurring, but at levels below screening levels; and 2) decreased concern with temporal variability because of the variety of building conditions tested.
Overall Finding: Results were generally consistent between the three investigation methods. Results from the on-site protocol were more definitive. The on-site analysis/pressure control approach increased confidence in the result and decreased concern with temporal variability.
Lewis-McChord 9674:
The TCE concentration in indoor air (0.072 µg/m 3 ) was well below the USEPA screening value (3.0 µg/m 3 ). As a result, definitively identifying the source (i.e., VI versus indoor source) would be relatively unimportant for determining how to proceed. The conventional results yielded supporting evidence of current VI. However, there is not high confidence in this interpretation because concentration ratios were not clearly consistent with the groundwater source. Additionally, Building 9674 is a hazardous waste storage building. Using the conventional results alone, it would be difficult to conclude that the low (0.072 µg/m 3 , approximately 2x the detection limit) TCE concentration was due to any particular source (e.g., subsurface, indoor, or residual from indoor source which had been removed prior to sampling). The difference between the "supporting evidence" finding for the conventional program and the "no evidence" finding for the on-site analysis program is primarily attributable to lower detection limits for the off-site analysis. The results from the on-site analysis protocol (both the baseline sampling and pressure control) increase the confidence that there is no VI concern because the building was tested under multiple building pressure conditions, but resulted in the same "no evidence" finding for each pressure condition. Additionally, no vapor entry points were found and no TCE concentration gradients were observed in the building under baseline and depressurized conditions.
Overall Finding: There was low confidence in the conventional approach because of low concentrations. Results from the on-site protocol were more definitive and increased confidence that there is no potential VI concern.
Selfridge 1533: The conventional results were generally indicative of no VI because the maximum benzene concentration in the sub-slab was less than 10x the concentration in indoor air and there were obvious non-removable sources in the building (i.e., automobiles being repaired). However, the benzene concentration in indoor air (14 µg/m 3 ) was almost 10x greater than the risk-based screening value. Also, the maximum benzene concentration in the sub-slab (58 µg/m 3 ) was greater than the concentration in indoor air. As a result, a regulator may have required additional evaluation of whether VI was contributing to the benzene detected in indoor air. The results from the on-site protocol provided greater confidence that indoor sources were the predominate sources of benzene in indoor air because 1) the on-site analysis documented the temporally variable impact of the indoor sources on benzene concentration in indoor air; and 2) the building pressure control results were consistent with an indoor source of benzene. Because of the overall magnitude dominated by indoor sources, no additional evaluation would be warranted under current building use.
Overall Finding: Results were generally consistent between CSIA and the on-site methods. Results from the on-site protocol were most definitive, indicating the primary VOC source was indoors.
Tyndall 156: The conventional results provided strong evidence of no current VI because TCE was not detected in indoor air (with a detection limit well below the USEPA screening value of 3.0 µg/m 3 ). The results from the on-site analysis protocol also provided strong evidence of no current VI because TCE was not detected in indoor air. The on-site analysis protocol also indicated that temporally-variable VI is not a concern because no TCE was detected in indoor air under depressurized conditions.
Overall Finding: Results were generally consistent between the two applicable methods. Results from the on-site protocol were more definitive.
Tyndall 219: The TCE concentration in indoor air (0.086-0.087 µg/m 3 ) was well below the USEPA screening value (3.0 µg/m 3 ). As a result, definitively identifying the source (i.e., VI versus indoor source) would be relatively unimportant for determining how to proceed. The conventional results were inconclusive with regard to VI. Although sub-slab TCE results were higher than indoor air and indoor air TCE was higher than outdoors, concentration ratios were not consistent with VI. The on-site analysis results were also inconclusive in that a specific VOC source (i.e., subsurface versus indoor source) was not found in the accessible portions of the building. Additionally, no hot spots were found, indicating a lack of strong source(s) within the building. Building depressurization was not conducted due to access constraints. However, differential pressure measurements collected during the on-site program show that the building was generally depressurized (i.e., condition conducive to VI). This condition, combined with the lack of strong source and TCE concentrations well below screening levels, suggests that there are no VI concerns in the building.
Overall Finding: The on-site protocol results were comparable to the conventional program results.
Raritan CP4: The TCE concentration in indoor air (1.3 to 2.1 µg/m 3 ) was up to 67% of the USEPA screening value (3.0 µg/m 3 ), making the source (i.e., VI versus indoor source) an important consideration. The conventional results provided supporting evidence of VI because the maximum TCE concentration in the sub-slab was more than 10x the TCE concentration in indoor air. The on-site analysis protocol results also provided supporting evidence of VI because 1) TCE was detected in indoor air; 2) no indoor sources of TCE were found; 3) two floor cracks were identified as vapor entry points; and 4) the TCE concentrations measured in the wall gap of one room was higher than the highest TCE concentration measured in indoor air. Elevated COC concentrations in wall gaps are consistent with VI because wall gaps can be connected to vapor entry points and have lower air exchange rates than building interior spaces.
The on-site analysis protocol results, however, were not considered definitive for two reasons. First, the two floor crack entry points in the warehouse section of the building appeared to be minor because there were no measurable differences in indoor air TCE concentrations above the entry points versus elsewhere in the warehouse. Indoor air TCE concentrations were higher in other parts of the building, but no strong entry points were identified. Second, the wall gap appeared to represent a limited reservoir of TCE. TCE concentrations within the wall gap decreased after collection of a 6-L Summa sample. In addition, several other wall gaps tested did not show elevated concentrations of TCE. Based on the CSIA results, both the conventional results and the on-site analysis protocol results appear to have provided an incorrect indication of VI as the source of the TCE in indoor air.
The CSIA results for Raritan CP4 provided strong evidence of an indoor source because the TCE in groundwater was enriched in both 13 C and 37 Cl consistent with the kinetic isotope effect of biodegradation while the TCE in indoor air had lower levels of 13 C and 37 Cl consistent untransformed TCE. Although no indoor source of TCE was identified during the site visit, the building manager reported that the building's cleaning service had used a TCE-based spot remover in the past. Although she had requested that they not use chlorinated solvents in the building, she indicated that it was possible that they were still using them during some cleaning events.
Although the combined results from the investigations of Raritan CP4 do not support a definitive source identification, the most likely explanation is the recent use of a TCE-containing spot remover. Based on the on-site analysis results, the highest TCE concentrations were found within a cluster of conference rooms that were the only carpeted spaces within the building. TCE concentrations within this cluster of rooms decreased from approximately 6 µg/m 3 on the first day of the demonstration to approximately 2 µg/m 3 on the fourth day. The elevated concentration of TCE in the wall gap would be consistent with recent use of TCE in the building because elevated TCE concentrations would persist longer in the wall gap than in the more ventilated room space.
Overall Finding: The CSIA protocol performed best. Indoor sources are the primary sources of VOC in indoor air. The on-site protocol and conventional approach both provided incorrect results.
Raritan 209: The conventional results provided supporting evidence of current VI, with one 8hour indoor air sample having a TCE concentration of 0.064 µg/m 3 and the other <0.05 µg/m 3 . Because the maximum TCE concentration in indoor air (0.064 µg/m 3 ) was much less than the risk-based screening value (3.0 µg/m 3 ), there is no VI concern. The results from the on-site analysis protocol provided no evidence of current VI. No hot spots with elevated TCE levels were found, and no vapor entry points were found. That, combined with indoor air results below instrument detection limits, indicates a lack of VI. Building 209 is strongly depressurized under normal operating conditions due to the continuous operation of numerous laboratory fume hoods. As a result, conditions were favorable for VI during sample collection. The absence of TCE above risk-based levels in indoor air for both the conventional program and the on-site analysis protocol support a finding of no current or future VI concern.
Overall Finding: There was low confidence in the conventional approach because of low concentrations. Results from the on-site protocol were more definitive. Concern regarding temporal variability is low because the building is strongly depressurized from operation of fume hoods.
Other Findings
• The Protocol is Applicable to Large Open Buildings: Prior to the field demonstrations, the on-site analysis protocol had been applied primarily to residences and smaller commercial buildings with discrete rooms. In these buildings, the concentration differences between rooms were important for identification of indoor sources and vapor entry points. For this demonstration, the protocol was applied in several buildings with open floor plans (e.g., Building 9669, 9674, 1533, CP4 warehouse) . Even within open floor plans, on-site analysis could be used to identify spatial differences in concentrations leading to the identification of indoor sources or vapor entry points.
• Pressure Control is Effective in Large Buildings: Building pressure could be manipulated sufficiently to impact target VOC concentrations in buildings up to 20,000 sq ft.
• Pressure Control Results Can Be Obtained in as Little as 2 Hours: When pressure manipulation is done, concentrations of target VOC tend to respond quickly. Using onsite analysis, the impact of pressure control is usually clear within 1 hour allowing for pressurization and depressurization to be completed in approximately 2 hours. When concentration changes are small or higher than usual variability is observed, longer times may be required to obtain clear results.
• The Protocol is Minimally Disruptive to Building Occupants: The protocol does not require installation of sub-slab sampling points. Minor inconveniences were possible, particularly when implementing the pressure control evaluation; however, equipment could generally be staged to avoid disruption of building activities. The pressure control portion of the investigation can be somewhat more disruptive because it requires that opening of doors be minimized while building pressure is being controlled. Also, the use of a window or door fan to control building pressure may cause noticeable changes in indoor air temperature when the outdoor temperature is well above or below the baseline indoor air temperature. For this reason, pressure control of occupied buildings may not be appropriate when the outdoor temperature is above 90°F or below 40°F.
• The Survey Method has Limited Utility for Identification of Vapor Entry Points: For most demonstration buildings, the HAPSITE survey mode was not sufficiently sensitive to locate specific vapor entry points. However, use of the quantitative mode allowed identification of specific vapor entry points or specific areas within the building where vapor entry was occurring. While survey mode has successfully identified vapor entry points in some buildings, quantitative mode combined with building pressure control appears to be a more reliable method to identify VI.
Evaluation of Performance Objective 3
Overall, for six of the seven demonstration buildings, the on-site analysis protocol performed as well as or better than the conventional approach:
• At four of seven of the demonstration buildings, the on-site analysis protocol yielded clearer VI classifications (Lewis-McChord 9669, Selfridge 1533, Tyndall 156, Tyndall 219 [see Section 5.6.4, Table 7 ]).
• At two of seven of the demonstration buildings, the VI interpretations from the on-site and conventional approaches were different. At these buildings, Lewis-McChord 9674 and Raritan 209, the conventional approach yielded supporting evidence for VI while the on-site approach indicated there was no evidence of VI. When reviewing the indoor air results from the conventional approach, however, we note that the reported concentrations were low (Lewis-McChord 9674 TCE concentration 0.072 µg/m 3 [detection limit 0.038 µg/m 3 ]; Raritan 209 TCE concentration <0.05 µg/m 3 and 0.064 µg/m 3 [detection limit 0.043 µg/m 3 ]), resulting in less confidence in the conventional results. The on-site approach allows for higher sample density and includes the ability to retest under "worse" building pressure conditions. There is greater confidence in the onsite approach because 1) testing was done under normal and depressurized conditions in multiple locations throughout the buildings; 2) TCE was not detected in indoor air; and 3) field QA met project requirements.
For one of the seven buildings (i.e., Raritan CP4), both the conventional and on-site results provided an incorrect indication of VI as the primary source of TCE detected in the indoor air. The CSIA approach provided the clearest result at this building.
The project team applied the on-site GC/MS protocol to several other buildings outside of this ESTCP demonstration. These results, provided in the Final Report (GSI, 2013), further illustrate the utility of the on-site analysis protocol for understanding VI conditions by identifying indoor sources of VOC; identifying specific VI entry points; and confirming the presence or absence of VI through the use of building pressure control. Taken as a whole, the demonstration results validate the on-site analysis protocol as a reliable method to determine the presence or absence of VI in a building.
OBJECTIVE 4: IMPLEMENTABILITY AND COST EFFECTIVENESS OF THE PROTOCOL FOR ON-SITE ANALYSIS
Demonstration Findings
This objective was evaluated by reviewing the experience gained during the demonstration. Factors which influenced the implementability of the protocol included:
• Choice of Instrument: The most reliable instrument was the SMART PLUS. The HAPSITE ER also worked well, but this instrument was more likely to malfunction.
• Key target VOC: The customized HAPSITE methods described in the Demonstration Plan (GSI, 2012b and 2012c) typically met all performance standards for TCE and PCE (cVOC method) and benzene (petroleum VOC method). However, the methods were less suited for compounds such as vinyl chloride (cVOC method) and toluene (petroleum VOC method). For these analytes, not all calibration goals were met at Tyndall and Selfridge, respectively. For investigations where these are the primary target analytes, we recommend development of an alternative customized method better optimized for these compounds.
• Personnel: Successful implementation of the protocol requires personnel with experience in operation of the HAPSITE (or alternative on-site instrument); and implementation of the protocol. Key skills for HAPSITE operation are familiarity with normal instrument performance, ability to recognize non-standard performance, and ability to analyze and understand detailed results to identify false positive detections and missed quantifications reported by the software operated in default mode. Key skills for implementation of the protocol are the ability to evaluate information from different sources (e.g., on-site analysis instrument, pressure transducer, interviews and building inspection) in order to proceed correctly through the protocol logic.
Evaluation of Performance Objective 4
The on-site analysis protocol is implementable (by personnel with adequate experience) and cost effective (see Section 7). Based on the field experience from the demonstration, several modifications were made to the version of the on-site analysis protocol in the Demonstration Plan. The updated protocol may be found in Appendix E of the ER-201119 Final Report (GSI, 2013).
COST ASSESSMENT
COST MODEL FOR THE DEMONSTRATION
The demonstration included three different site characterization methods, each implemented at four DoD sites. Key cost elements included: 1) project planning and preparation; 2) field implementation; and 3) data evaluation and reporting. For project planning and preparation and data evaluation and reporting, primary costs were associated with labor. The time required for planning varied widely, depending on effort needed to gain access, review site data, and test equipment (e.g., senior project scientist/engineer: 12-20 hours per site; project scientist/engineer: 30-40 hours per site). For data evaluation and reporting, key activities include data review and validation, documentation of results, and interpretation and documentation of overall findings (e.g., senior project scientist/engineer: 10-15 hours per site; project scientist/engineer: 25-40 hours per site). Costs for field implementation of the on-site analysis demonstration are summarized in Table 10 . Per air/gas sample Note: Travel and shipping costs are not included, as they will vary by location. Specialty gas mixes for calibration are also not included in the table. Specialty gas mixes typically cost in the range of $1,000 -$1,500, and may require 3-4 weeks lead time for ordering.
COST DRIVERS
The cost for implementation of the on-site analysis protocol is not expected to vary significantly based on specific site characteristics. Although aspects of the protocol are dynamic (e.g., specific number of samples collected for on-site analysis), associated costs are not because HAPSITE and other equipment usage charges are typically assessed on a daily or weekly basis. Important project-specific cost considerations for routine implementation of the protocol are mobilization costs; and number of buildings to be evaluated per mobilization.
COST ANALYSIS
Routine implementation of the on-site analysis protocol will cost less than implementation during the field demonstration because of the additional tasks needed to validate the protocol. Costs for the on-site analysis protocol (Table 11 ) are marginally higher than costs of a conventional investigation (Table 12 ). However, the higher costs are offset by the nature of the results. In other words, the on-site analysis protocol typically yields clearer results than a conventional investigation. Clearer results potentially reduce the need for resampling. Additionally, the protocol will be most cost effective when applied to multiple buildings during a single mobilization. Note: 1) Estimates assume application of the procedure at four buildings during a single field program, assuming two buildings per day. Project planning and preparation includes pre-mobilization and on-location tasks (equipment prep/QA). 2) Cost estimates do not include travel to the site or shipping. 
IMPLEMENTATION ISSUES
This project has resulted in development and validation of an on-site GC/MS analysis protocol to distinguish VI from indoor sources of VOC, one of the major issues with current investigation techniques. The protocol can be used as a standalone investigation method, or as a tool for follow-up sampling in cases where previous data suggest a VI concern but there is uncertainty about the VOC source. Using this approach, a building can be characterized quickly, typically within a 1-day field investigation. The timeframe for final data interpretations will depend on receipt of laboratory (TO-15) results for the confirmation samples.
In addition to its utility in determining the source of VOC in indoor air, the on-site GC/MS analysis protocol includes a building pressure control option. This option can be used to better understand the source of VOC (i.e., subsurface or indoors) and to minimize concerns regarding temporal variability. For instance, building depressurization will enhance the potential for VI. Induced negative pressure will tend to draw subsurface vapors, if present, up into the building. As a result, an absence of VI under both baseline and induced negative pressure conditions serves to reduce the concern regarding temporally-variable VI.
Advantages of the on-site GC/MS analysis protocol include:
1) real-time results; 2) definitive data via off-site lab analysis for small number of samples; 3) no sub-slab sample points; and 4) reduced sampling/re-sampling requirements by reducing uncertainty with VOC source identification.
Potential limitations include: 1) equipment availability and reliability; 2) staff suitably trained in interpretation of vapor data; 3) GC/MS instrument with analytical method suitable to resolve target compounds; and 4) (for pressure control option) building too large (>20,000 sq ft) or too leaky (e.g., constructed with built-in ventilation slats).
